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Multiple methods were applied to study the deformation characteristics of hornblende in Archean plagioamphibolite mylonite 
from the Western Hills (Beijing), including optical microscopy (OM), electron backscatter diffraction (EBSD), transmission 
electron microscopy (TEM), and electron probe microanalysis (EPMA). The hornblendes are σ and δ type porphyroclasts with 
the new-born needle shaped grains as their tails. The analysis of lattice preferred orientation (LPO) of both the porphyroclasts 
and the new-born grains shows that the main slip system of the deformed hornblende is (100)<001>, suggesting that the fabric 
characteristics of new-born grains inherit that of porphyroclasts. Sub-microstructures show the porphyroclast core is dominated 
by dislocation tangle, little or no dislocations in the new-born grains, and the subgrains confined by dislocations in the transi-
tion zone between porphyroclasts and new-born grains. By using plagioclase-hornblende geothermometry and hornblende ge-
obarometry, the estimated temperature and pressure of porphyroclasts are 675.3–702.9°C and 0.29–0.41 GPa and those of 
new-born grains are 614.1–679.0°C and 0.11–0.31 GPa. The bulging recrystallization is summarized as deformation mecha-
nisms of hornblende by the discussions of the microstructures, EBSD fabric, sub-microstructures, and the deformed tempera-
ture and pressure.  
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Hornblende, together with olivine, pyroxenes, feldspar, bio-
tite, quartz, and calcite, are the seven most common major 
rock-forming minerals in the lithosphere. An improved un-
derstanding of the structures, rheological characteristics, 
and dynamic evolution of the crust and mantle is established 
on the study of these major rock-forming minerals [1–3]. 
However, owing to the lack of feasible approaches and 
techniques, the contribution of hornblende to the mechani-
cal and rheological characteristics of the lower crust is still 
poorly known [4, 5]. Previous researches indicate that the 

slip systems of hornblende are (100)[001], (010)[001], and 
(100)[010] [6–8], and slip occurs preferentially on 
(100)[001] because no TOT-type structure is broken on this 
plane [9]. Under experimental conditions, hornblende can 
widely develop ( 1 01) deformation twins, with rare (100) 
twins [10]. However, in natural conditions, hornblende 
commonly develops (100) mechanical twins [11–13]. Horn-
blende occurs in rocks of various tectonic settings, and can  
record the dynamic processes of different structural levels. 
At lower temperature and/or with fluids participation, cata-
clastic flow and dissolution creep (diffusion creep) [8, 14] 
are the main deformation mechanisms of hornblende. The 
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fine-grained matrix in the core-mantle structure is probably 
formed by cataclastic flow rather than dynamic recrystalli-
zation because of the brittle deformation of hornblende 
caused by its perfect cleavage paralleling to {110}. In low 
temperature and/or high strain conditions, the deformation 
of hornblende is fulfilled by ( 1 01) or (100) twining and 
(100) [001] slipping. At the same time, because the chemi-
cal components change plays a more important part than 
that of strain, hornblende is often decomposed into amphi-
boles with different components [15, 16] or other minerals, 
such as epidote, albite and biotite etc. [17]. Under high 
temperature above 650–700°C and /or low strain conditions, 
hornblende in dry rocks with lower aquifer fluid will show 
crystal plastic deformation, namely, deforming by subgrain 
rotation recrystallization and recovery, and slip on 
(hk0)[001], {110}1/2〈1 1 0〉and (100)[100]. Subgrains 
grow paralleling to c-axis with boundaries composed of 
[001], [100] or <110> dislocations, which parallel to {110}, 
{100} or {010} [18, 19], respectively. Passchier et al. [8] 
think that it is difficult for hornblendes to deform by crystal 
plasticity, and their ductile deformation temperature is even 
higher than that of olivine. In summary, due to the lack of 
suitable research means and technical methods, hornblende, 
as a kind of biaxial hydrous minerals, is still not well known 
now about its deformation behaviors and mechanisms, es-
pecially the deformation mechanism of dynamic recrystal-
lization under conditions of brittle-ductile transition. 

The deformation of hornblende in Archean plagioam-
phibolite mylonite from the Western Hills (Beijing) has 
been systematically analyzed by optical microscope (OM), 
electron backscatter diffraction (EBSD), transmission elec-
tron microscope (TEM), and electron probe microanalysis 
(EPMA). The typical brittle-ductile transition characteristics 
in the epidote-amphibolite facies were observed and the 
bulging recrystallization is summarized as deformation 
mechanism of hornblende. The estimated temperature and 
pressure of hornblende developing bulging recrystallization 
are 614.1–679.0°C and 0.11–0.31 GPa. This research pro-
vides a basis for further studying the recrystallization 
mechanisms of hornblende in brittle-ductile transition con-
ditions. 

1  Regional geological setting 

The Western Hills, in southwestern Beijing, are located in 
the junction of the NNE trending Taihang Mountains and 
the E-W trending Yanshan orogenic belt (Figure 1). Out-
cropped strata in the study area include Archean, Meso- to 
Neo-proterozoic, Paleozoic, Mesozoic, and Cenozoic. 
Guandi complex is exposed in the southern and northern 
sides of Fangshan pluton as stripes with a total area of 0.37 
km2. SHRIMP U-Pb zircon analysis indicates that Guandi 
complex has an age of 2500 Ma [20–22]. The main litholo-
gy includes biotitic amphibole plagioclase gneiss, plagio-

amphibolite mylonite and biotite amphibolite granulite etc., 
belonging to basement gneiss series.  

The Guandi complex experienced multiple deformations 
[22, 23]. SHRIMP U-Pb zircon analysis of diorite vein in 
Nanjiao area determined by Wang et al. [22] indicates that 
this diorite vein has an age of 136±1 Ma, and the 40Ar/39Ar 
age of muscovite and sericite minerals within stretching 
lineation ranges from 133±1 to 127±1 Ma. The diorite veins, 
deformed muscovite and sericite have the same age, sug-
gesting that the study area experienced detachment and 
synkinematic magmatisms. Yan et al. [23] proposed that an 
extensional deformation happened here in the Middle to 
Late Triassic. The time span and mechanisms of detachment 
are still in dispute [22–24]. However, it is no doubt that the 
detachment provides the background and stress for the de-
formation of hornblende. In this paper, the plagioamphibo-
lite mylonite samples were collected from Dongling area, 
northern margin of the Fangshan pluton. The lineation 
structure, composed by elongate hornblende grains, can be 
observed clearly in samples, providing a good opportunity 
to study the dynamic recrystallization mechanisms of de-
formed hornblende.  

2  Analytical methods 

The orientated thin sections were cut paralleling to lineation 
and vertical to foliation. The observation was done in the 
Geological Laboratory Center, China University of Geosci-
ences (Beijing). The EBSD fabric of hornblende porphy-
roclasts systems were measured in the Rock Fabric Labora-
tory. XZ sections (paralleling to lineation and normal to fo-
liation) were cut from the samples and polished using 
BUEHLER MASTERMET colloidal silica and BUEHLER 
grinder-polisher. The LPO data acquisition was done on a 
Hitachi S-3400N-II scanning electron microscope mounted 
with Nordlys EBSD Model NL-II detector. The thin sec-
tions surface was inclined 70° to the incidental beam. The 
new technique provides a fast data acquisition for mineral 
grains or a portion thereof with 0.1 m spatial resolution 
and 0.5° angular resolution. A 15 kV acceleration voltage 
was applied and the working distance was 23 mm. EBSP 
analysis was completed using the HKL Channel 5 software 
package. The sub-microstructures of hornblende porphy-
roclasts systems were observed in the Transmission Elec-
tron Laboratory, with the instrument of high-resolution 
transmission electron microscopy of type Hitachi H-8100. 
The chemical components of hornblende and plagioclase 
were identified by EDAX9100 spectrum during transmis-
sion electron microscope (TEM) analysis, with the operat-
ing voltage of 10 kV, the current of 5mA, the power of 50 
VA, the beam of 200 μA and the beam diameter of 1–2.5 
μm. The mineral components were quantitatively analyzed 
in the Electron Probe Laboratory, with the instrument of 
EPMA-1600 electron microprobe.   
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Figure 1  Geological setting sketch of the Western Hill (Beijing) [24]. 1, Archaean; 2, Proterozoic; 3, Paleozoic; 4, Mesozoic; 5, Quaternary; 6, granite; 7, 
diorite; 8, reverse fault; 9, normal fault; 10, anticline lines; 11, syncline lines; 12, sampled site. 

3  Deformation microstructures 

The studied plagioamphibolite mylonite samples are com-
posed of hornblende of more than 50%, plagioclase of about 
30%, and quartz of 10%.  

Core-mantle structure (Figure 2(a)) and porphyroclast 
fabric were observed in amphibolite mylonite. The horn-
blendes are σ and δ type porphyroclasts (Figure 2(b), (c)) of 
0.1–0.5 mm in size, in which cleavage microcrack and un-
dulatory extinction were observed. The strongly curved 
boundaries of hornblende porphyroclasts bulge towards tails, 
suggesting that bulging recrystallization may be the main 
dynamic recrystallization mechanism. Tails of porphy-
roclasts systems were composed of new-born needle shaped 
hornblende grains. These tiny grains (0.03–0.08 mm in 
length) were obviously elongated, the long axis of which 
parallel to or intersect in low angle with the stretching line- 

ation. The rigid porphyroclasts of subhedral hornblende  
(Figure 2(d)) also can be seen in thin sections, as the result 
of the different azimuth between the crystalline orientation 
of hornblende and regional shearing1). 

The plagioclase deformed into core-mantle structure, or 
even into banded structure as the subgrain rotation recrys-
tallization. The myrmekite in the K-feldspar porphyroclasts 
can be observed. 

4  EBSD LPO characteristics 

LPO measurements were performed on hornblende grains 
using interactive mode. Several representative windows (8 – 
9) are chosen for LPO data acquisition. Most of these win-
dows contained representative hornblende grains. Data from 
all the windows were merged to form the sample data  

                         

1) Liu J L, Cao S Y, Song Z J, et al. Mineral lattice preferred orientation and brittle-ductile deformation in mylonitic rocks (in Chinese). In: National 
Tectonic and Structure 4th Conference, 2008. October 10–13, Beijing. 
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Figure 2  Microstructures of deformed hornblende. (a) Core-mantle structure of hornblende; (b) σ type porphyroclast and new-born needle shaped grains of 
hornblende; (c) δ type porphyroclast and new-born needle shaped grains of hornblende; (d) rigid porphyroclasts of subhedral hornblende. 

set. The interactive mode is a reliable way of collecting 
EBSP data from representative grains or subgrains in the 
field of view. All the LPO data are presented with an equal 
area, lower hemisphere projection in a structural frame of 
foliation paralleling to the XY plane and lineation paralleling 
to the X direction (Figure 3). The LPO of porphyroclasts 
shows that <100> parallels to Z, <001> parallels to X, and 
<010> parallels to the Y axis, reflecting a slip system of (100) 
<001>. The LPO of tails shows that <100> parallels to Z, 
<001> parallels to X, and <010> parallels to the Y axis, re-
flecting a main slip system of (100) <001>. As the same LPO, 
it suggested an inheritance from the porphyroclasts to tails.  

5  Sub-microstructures 

Different dislocation combinations occurred regularly from 
porphyroclasts (sample DL-8-3) to tails (sample DL-8-6).  
In hornblende porphyroclasts, there are dislocation tangles 
(Figure 4(a)) primarily, and also dislocation arrays (Figure 
4(b)) and elongated straight free dislocations (Figure 4(c)) 
regionally. Free dislocations, dislocation arrays, subgrains 
and twins can be found in the transition zone between por-
phyroclasts and tails. As well organized free dislocations, 

the presentation of dislocation arrays (Figure 4(d)) and dis-
location walls indicated the decrease of free energy, which 
is an essential procedure of hornblende’s dynamic recrystal-
lization. The subgrain is defined as portion of a crystal or 
grain with an orientation that differs slightly from the ori-
entation of neighboring portions of the same crystal. The 
occurrence of subgrains (Figure 4(e)) in the transition zone 
between porphyroclasts and tails indicated the deformation 
by dislocation climb and recovery. Few hornblende twins 
(Figure 4(f)), with the dislocation of nearly 90° offset, were 
observed by TEM. It is considered that the presentation of 
very few hornblende twins cannot contribute to dynamic 
recrystallization of hornblende in this study. It is different 
from the research of twinning nucleation recrystallization of 
amphibolite rocks in Diancangshan area [13]. Consistent 
with the law that free energy decreased from old to new 
grains during dynamic recrystallization, different disloca-
tion combinations occurred regularly and the free energy 
decreased from porphyroclasts to tails. 

In tails, the straight boundaries can be found in new-born 
grains whose long axis nearly parallels to [001]. These 
new-born grains have no (Figure 4(g)) or little dislocations 
(Figure 4(h)), with the dislocation density of 5.0 × 108/cm2. 
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Figure 3  EBSD-measured LPO of hornblende. (a) Hornblendes in porphyroclasts (equal area, lower hemisphere projection, 264 data points ); (b) horn-
blendes in tails (equal area, lower hemisphere projection, 257 data points). 

The dislocations (Figure 4(i)) that parallel to [001] within 
particles might be developed during the dynamic recrystal-
lization. 

6  Mineral chemistry and deformation P-T con-
ditions 

The chemical components of hornblende and plagioclase 
were obtained by Electronic Probe Technique as shown in 
Table 1. The hornblendes were classified according to 
IMA78 by Leake [25], in which the maximum of Fe3+ was 
calculated using the 13eCNK method of Lin et al. [26]. It is 
classified into magnesio-hornblende primarily (Figure 5(a)). 
The bivariate diagram (Figure 5(b)) of AlIV– AlVI shows that 
hornblende of porphyroclasts deformed in amphibolite faces 
and hornblende of tails developed in epidote amphibolite 
faces. 

The hornblende-plagioclase geothermometry [27] and 
various hornblende geobarometry [28–32] were used to 
estimate the deformation temperature and pressure in this 
study. Anderson et al. [32] emphasized on estimation of 
temperature and oxygen fugacity preferentially. Besides 
appropriate buffered mineral assemblages, the Fe3+/ 
(Fe2++Fe3+) value should be higher than 0.25 or 0.20 (sug-
gested by Schmidt [31]) and the Fetot/(Fetot+Mg) value 
should range from 0.40 to 0.65. Considering temperature 
and oxygen fugacity, we finally selected the geobarometer 
method by Anderson et al. [32]. 

Table 1 and Figure 5(c) show the deformation tempera-
ture and pressure. For the porphyroclasts series, temperature 
and pressure ranged from 675.3 to 702.9°C with an average 
of 691.2°C, and from 0.29 to 0.41 GPa with an average of 

0.34 GPa, respectively. For the new-born grains in tails, the 
temperature and pressure ranged from 614.1 to 679.0°C 
with an average of 636.6°C, and from 0.11 to 0.31 GPa with 
an average of 0.20 GPa, respectively. The new-born horn-
blendes in tails were developed by ductile shearing from 
porphyroclasts. Therefore, the estimated temperature and 
pressure of new-born hornblendes in tails represent the de-
formation condition that is from 614.1 to 679.0°C and from 
0.11 to 0.31 GPa, respectively.  

7  Discussions 

7.1  Dynamic recrystallization mechanisms of hornblende 

The dynamic recrystallization includes bulging, subgrain 
rotation, and high-temperature grain boundary migration 
recrystallization, developed with the increasing of tempera-
ture. An improved understanding of the structures, rheolog-
ical characteristics, and dynamic evolution of the crust and 
upper mantle is established on the dynamic recrystallization 
studies of quartz [8], calcite [33], and feldspar [34]. Horn-
blende occurs in the rocks of various tectonic settings, and 
can record the dynamic processes of different structural 
levels from shal-low to deep crust. Therefore, it is necessary 
to study deformation mechanisms of hornblende. 

The development of porphyroclasts fabric and obviously 
fine-grained new-born hornblende grains, observed in am-
phibolite mylonite from the Western Hills, Beijing, indi-
cates the dynamic recrystallization of brittle-ductile transi-
tional deformation. The strongly curved boundaries of 
hornblende porphyroclasts bulge towards tails. Consistent 
with the law that free energy decreased from old to new 
grains during dynamic recrystallization, different disloca-
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Figure 4  TEM sub-microstructural characteristics of hornblende. (a)–(c) Sub-microstructures of hornblendes porphyroclasts: (a) dislocation tangle, DL-8-3; 
(b) untypical dislocation array, DL-8-3; (c) elongated straight free dislocation, DL-8-3. (d)–(f) Sub-microstructures of hornblendes in the transition zone 
between porphyroclasts and tails: (d) dislocation array, DL-8-3; (e) subgrain, DL-8-3; (f) Hornblende twins, DL-8-3. (g)–(i) Sub-microstructures of 
new-born hornblende grains in tails: (g) gratings stripes and no dislocations, DL-8-6; (h) dislocation array, DL-8-6; (i) free dislocation parallel to [001], 
DL-8-6. FD-Free dislocation; DA-dislocation array; DT-dislocation tangle; TB-twin boundary; GS-gratings stripes. 

tion combinations occurred regularly and the free energy 
decreased from porphyroclasts to tails. The analysis of LPO 
of both the porphyroclasts and the new-born grains shows 
that the main slip system of the deformed hornblende is 
(100)<001>, suggesting that the fabric characteristics of 
new grains inherit those of porphyroclasts. The estimated 

temperature and pressure of hornblende developing bulging 
recrystallization are 614.1–679.0°C and 0.11–0.31 GPa, 
reflecting the rheological deformation condition of the mid-
dle crust.  

The typical brittle-ductile transition characteristics in the 
epidote-amphibolite facies were observed and the bulging  



1516 Zhang X L, et al.   Sci China Earth Sci   September (2013) Vol.56 No.9 

Table 1  Results of temperature and pressure estimationsa) 

Sample 
Porphyroclasts Tails 

DL-8-3 DL-8-5 DL-8-9 DL-8-4 DL-8-1 DL-8-2 DL-8-6 DL-8-7 DL-8-8 

Chemical components of hornblendes 

SiO2 (wt%) 46.7 47.5 47.3 46.3 50.9 50.7 49.3 48.3 51.7 

TiO2 (wt%) 0.7 0.6 0.8 0.6 0.3 0.6 0.1 0.5 0.4 

Al2O3 (wt%) 8.0 7.5 7.6 8.5 5.1 5.8 7.2 6.8 5.0 

FeO (wt%) 14.4 14.0 14.4 14.2 12.5 11.5 13.3 13.1 12.2 

MgO (wt%) 13.5 14.4 14.3 13.2 15.5 16.2 14.5 14.7 16.2 

MnO (wt%) 0.5 0.3 - 0.2 0.3 0.3 0.1 0.6 0.4 

CaO (wt%) 11.1 10.6 10.9 11.8 11.5 11.3 11.0 11.3 11.2 

Na2O (wt%) 1.7 1.7 1.4 1.9 1.0 1.0 1.3 1.2 1.1 

K2O (wt%) 0.59 0.6 0.65 0.59 0.24 0.38 0.45 0.4 0.01 

Total (wt%) 97.19 97.20 97.35 97.29 97.34 97.78 97.25 96.90 98.21 

Aliv
 (wt%) 1.07 0.99 1.03 1.14 0.60 0.70 0.80 0.89 0.60 

Alvi
 (wt%) 0.32 0.31 0.30 0.35 0.27 0.28 0.43 0.29 0.25 

Chemical components of plagioclases 

SiO2 (wt%) 60.56 60.04 60.92 60.15 61.07 61.73 62.13 60.07 59.91 

TiO2 (wt%) - 0.33 - - - - - 0.01 0.13 

Al2O3 (wt%) 23.96 23.62 23.38 24.59 23.95 23.4 22.87 23.81 23.46 

FeO (wt%) 0.42 0.29 0.23 0.17 0.02 0.15 0.19 0.42 0.16 

MgO (wt%) - - - 0.21 - 0.02 0.08 0.09 - 

MnO (wt%) - 0.06 - - - - - 0.01 0.22 

CaO (wt%) 4.96 5.01 5.09 5.36 4.85 5.01 4.66 5.71 5.08 

Na2O (wt%) 10.05 9.91 10.29 9.95 9.83 10.54 10.21 9.83 9.99 

K2O (wt%) 0.11 - 0.04 - 0.17 0.03 0.04 0.14 - 

Total (wt%) 100.06 99.26 99.95 100.43 99.89 100.88 100.18 100.09 98.95 

Ab (%) 0.78 0.75 0.72 0.80 0.78 0.77 0.78 0.78 0.78 

An (%) 0.22 0.24 0.25 0.20 0.21 0.23 0.22 0.21 0.22 

temperature and pressure estimations 

T (°C) 694.0 702.9 692.5 675.3 620.3 626.7 614.1 679.0 642.9 

P1 (GPa) 0.31 0.26 0.28 0.36 0.05 0.10 0.23 0.20 0.04 

P2 (GPa) 0.31 0.26 0.27 0.36 0.02 0.08 0.22 0.19 - 

P3 (GPa) 0.24 0.20 0.22 0.28 0.02 0.07 0.17 0.15 0.01 

P4 (GPa) 0.36 0.32 0.33 0.41 0.11 0.17 0.28 0.26 0.10 

P5 (GPa) 0.34 0.29 0.32 0.41 0.12 0.18 0.31 0.26 0.11 

Average 691.2°C, 0.34 GPa 636.6°C, 0.20 GPa 

a) The mineral components were quantitatively analyzed in the Electron Probe Laboratory, China University of Geosciences (Beijing). No.19990075 
EPMA-1600 electron microprobe was used. T was according to Holland et al. [27]; P1 was according to Hammarstrom et al. [28]; P2 was according to Hol-
lister et al. [29]; P3 was according to Johnson et al. [30]; P4 was according to Schmidt [31]; P5 was according to Anderson et al. [32]. 

 
recrystallization is summarized as deformation mechanisms 
of hornblende by the discussion of the microstructures, 
EBSD fabric, sub-microstructures, and the deformed tem-
perature and pressure.  

7.2  Comparisons with previous studies 

In this paper, it is suggested that the deformation environ-
ment is epidote-amphibolite facies and the bulging recrys-
tallization is the deformation mechanism of hornblende 
from Guandi complex in the Western Hills, Beijing. The 
temperature and pressure of hornblende deformation are 
614.1–679.0°C with an average of 636.6°C and 0.11–0.31 
GPa with an average of 0.20 GPa. It is similar to 637°C 

reported by Cao et al. [13] and 0.33 GPa by Yao et al. [35], 
reflecting the rheological deformation condition of the mid-
dle crust. It is different from the conclusion by Passchier et 
al. [8] that the crystal plastic deformation of hornblende is 
difficult and its ductile deformation temperature is even 
higher than that of olivine. But, it is in agreement with the 
conclusion by Ji et al. [36] that the brittle-ductile transition-
al deformation of hornblende developed between feldspar 
and olivine. Furthermore, our conclusion is also different 
from the twining nucleation recrystallizaion of hornblende 
under brittle-ductile transitional conditions suggested by 
Cao et al. [13]. On the other hand, Hu et al. [9] reported the 
twining nucleation recrystallizaion of hornblende is a spe-
cial form of bulging recrystallization. Thus, the bulging 
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Figure 5  Mineral chemistry of hornblende. (a) Classification of hornblendes; (b) bivariate diagram with AlⅣ-AlⅥof hornblende; (c) P-T diagram of horn-
blende. 

recrystalliztion in this study has a more universal meaning 
for brittle-ductile transitional deformation of hornblende. 

8  Conclusions 

By comprehensive analyses of the microstructures, LPO, 
sub-microstructures, and the deformed temperature and 
pressure, we can conclude: 

(1) There are three major microstructures indicating the 
bulging recrystallization, the σ and δ type porphyroclasts 
systems, the strongly curved boundaries bulging towards 
tails and new-born needle shaped grains. Different disloca-
tion combinations occurred regularly from porphyroclasts to 
tails, consistent with the law that free energy decreased 
from old to new grains during dynamic recrystallization. 

(2) The new-born grains and porphyroclasts have the in-

herited LPO, indicating a main slip system of (100)<001>. 
It is one of the direct proofs for bulging recrystallization.  

(3) The temperature and pressure of dynamic recrystalli-
zation are estimated from 614.1 to 679.0°C and from 0.11 to 
0.31 GPa, respectively, representing an epidote-amphib- 
olite facies.  

All above results, microsstructures, LPO, sub-micro- 
structures, and deformation temperature and pressure, indi-
cate that the deformation environment is epidote-amphibo- 
lite facies and the bulging recrystallization is the defor-
mation mechanism of hornblende from Guandi complex in 
the Western Hills, Beijing. 
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